INTRODUCTION
CHARLES WILLIAM BUNN's career was an unusual one. Trained as a chemist, he was largely self-taught in crystallography, a subject dominated during his scientific lifetime by the pupils of W.H. and W.L. Bragg. His own researches bore an individual stamp, coloured by an instinctive feel for the way in which molecules arrange themselves and pack. H e was unusual, also, in the extent to which he made use of optical and other non-X-ray methods to solve structural problems.
Bunn spent the majority of his working life in the research departments of ICI, at first in the Alkali Division at Winnington, Northwich, and later in the Plastics Division laboratories at Welwyn G arden City. Though working in industrial laboratories, his principal researches were basic and fundamental studies on polymers and on crystal growth.
H e was much loved and respected by his colleagues and collaborators but, because of his shyness and exceptional modesty he was a difficult man to get to know well, even under conditions where colleagues were often also neighbours. He was a private person who lived for his twin interests in science and in music. His musical tastes were for 19th-and 20th-century composers. Throughout his life his favourite composer was Vaughan Williams and in his younger days he had little liking for what he called 'the complex and sophisticated music of the Germans, which tends to academic dullness in Bach and courtly formalism in Haydn and M ozart'. However, in his last decade his piano playing turned almost exclusively to the keyboard sonatas of Haydn and Mozart. He played the violin in several orchestras such as the Welwyn G arden City Music Society orchestra. He also composed a little, but none of his compositions appear to have survived.
From boyhood he built his own radio receivers to listen to broadcast concerts; later, he built up an extensive collection of gramophone records. Bunn was an ardent reader; in fiction his taste was for long novels such as those of Galsworthy and Tolstoy; he read War and peace four times. He enjoyed biographies of composers and scientists and was widely read in mediaeval English history and in archaeology. Bunn had little time for formal religion, theology or philosophy. His views were that 'theology is quack philosophy, and philosophy is quack science'. However, he had a strong belief in personal freedom and tolerance and suffered himself just from hearing of any strife.
He was an ardent admirer of Gandhi and of the philosophy of non-violent passive dissent, and was disgusted by violent sports such as boxing. He was a vegetarian from conviction; although he was a keen gardener he refused any space to vegetables and concentrated entirely on flowers. He was much too reserved and diffident to take an active part in politics.
Recognition came rather late to him. He left Oxford without working for a D.Phil. and took an Oxford D.Sc. only in 1953, largely because others felt that someone in his position and of his eminence must be a doctor. He was a Fellow of the Chemical Society and of the Institute of Physics, becoming a member of the first committee of the X-ray Analysis Group of the latter, and its chairman in 1959-62. He was elected to the Fellowship of the Royal Society in 1967, in recognition of his work on natural and synthetic regular polymers. In 1969 he was awarded the Ford Prize by the American Physical Society, for contributions to polymer science.
B i o g r a p h i c a l d e t a i l s
Charles Bunn was born on 15 January 1905, the second of five children, into what he described as a typical lower-middle class family. His father, Charles John Bunn, kept a small shop selling newspapers, books and stationery in Camberwell. Although he had had only an elementary education, he installed in his son a great respect for books and for scholarships; he had a great interest in history which linked up with his hobby of collecting coins, specializing in those of the Byzantine Empire. After his death the bulk of his collection went to the Fitzwilliam Museum in Cambridge. Bunn's mother Mary Grace (nee Murray) came from Battersea. She was an amateur singer and her son inherited his lifelong passion for music from her.
Charles William went to Denmark Hill London County Council elementary school where he won an LCC scholarship to Wilson's Grammar School, Camberwell in 1916 at the age of 11. He did well at school in most subjects, including languages and history which remained a life-long interest. While at Grammar school he also developed his love of music and acquired a cheap violin which he taught himself to play, joining the Dulwich Philharmonic Society orchestra as a second violin. He had little keenness for sport and took very little part in organized games. But his main interest was in chemistry which fascinated him, and in 1923 he won an open scholarship at Exeter College Oxford, which was supplemented by grants from the LCC and from his school, to read honours chemistry.
He greatly enjoyed his years at Oxford where he worked hard, read widely and made full use of the opportunities of listening to music. One of his contemporaries (A.E. Mourant, F.R.S.) recalls that at one time he seriously considered switching from chemistry to music. At that time he took no particular interest in crystallography. He is remembered at Oxford for his modesty and shyness, qualities that he retained all his life. For his B.Sc. year he worked in the Balliol and Trinity laboratories on the photochemical oxidation of alcohols by the dichromate ion (1)*, being supervised by E.J. Bowen, and was placed second in the first class honours list in 1927.
He would have like to have stayed on at Oxford to work for a D.Phil for he had no doubt that scientific research was the life for him. However, he realized that the chances of climbing the academic ladder via college fellowships or university lectureships were not good, and without too many regrets accepted a job in the Research D epartm ent of ICI Alkali Division at Winnington, Northwich, in Cheshire. The Imperial Chemical Industries company had only just been formed and the research departm ent had formerly been attached to Brunner, Mond and Company; the new laboratories were not completed until 1928.
The departm ent maintained a scientific staff recruited almost exclusively from Oxford and Cambridge on a basis of excellence in science, interest in research and congeniality. Most of the selected recruits spent only a year or two in the Research D epartm ent before moving on to plant management.
Bunn, as a shy and retiring 'loner', did not fit well into these surroundings and relieved his loneliness with his music. H e had been recruited by the Research Manager H.E. Cocksedge who recognized his unusual talents and saw that he would be staying in research, with a preference for 'pure' rather than applied research. Accordingly, he sent Bunn back to Oxford for one summer term to broaden his knowledge of crystal morphology and optics, largely under the guidance of R.C. Spiller. Bunn considered himself very fortunate that then and later the ICI authorities were sufficiently indulgent and broad-minded to allow him to follow his own line, realizing that increase of background knowledge can lead to practical improvements but not expecting commercially useful results from every research programme. H e was probably unnecessarily modest about the direct commercial benefits that ICI gained from some of his researches which resulted in tighter plant control.
In 1931 he married Elizabeth Mold, the sister of a school friend whom he had known for many years and with whom he had been to concerts since school days. On their return from a walking honeymoon in the Lake District they moved into a company house in H artford two miles from the laboratory. Their two children, Richard Charles and Marian Elizabeth, were born in 1933 and 1937, and they were a close-knit family.
During the War Cheshire was not much affected by enemy action. Bunn became an air-raid warden but never had to deal with any local bombing. He spent many evenings and weekends writing his textbook Chemical crystallography which was published by the Clarendon Press in 1946 [ l] f . This project had been suggested to him by Professor C.N. Hinshelwood (later Sir Cyril Hinshelwood, P.R.S.), whom he had known since his Oxford days and who was one of ICI's academic consultants.
Bunn's scientific contacts had broadened. He had made regular trips to Manchester for discussions with Professor W.L. Bragg who then occupied the chair of physics there, and he made friends with Henry Lipson and Arnold Beevers, at that time research students in Bragg's laboratory. In 1944 he was invited by Dorothy Hodgkin to take part in the structure determination of penicillin; this work is discussed below.
In 1946 Bunn was transferred to the Plastics Division of ICI in Welwyn Garden City, Hertfordshire. This was a natural move because much of his recent work had been on polymers. The move was catalysed by an offer from Courtaulds to join their new fundamental research laboratory at Maidenhead, but he eventually decided to stay with ICI and to go to Welwyn where his Research Director was J.C. Swallow, under whom he had worked previously.
The family moved to a house in the Garden City which was to be Bunn's home for the rest of his life and in which his widow and his son still live. In Welwyn he continued to pursue his leisure activities of music and gardening. During his later years in the ICI Plastics Division at Welwyn Garden City increasing managerial responsibilities, especially after the amalgamation of the Physics Division with the Molecular Structures Division, forced him to become less involved in the day-to-day work of the laboratory and to delegate to his colleagues (Daubeny, Holmes, Howells, Palmer, Turner-Jones and others). He very much regretted that he was not able to take a more direct hand in the work on isotactic polymers. After he had become leader of the enlarged Physics Division he was coordinating the activities of some 70 people. In these years his real research talents were rather wasted and it was, no doubt, this fact that led him to take early retirement to devote his remaining active years to research in protein crystallography at the Royal Institution.
In the early 1960s Bunn wrote a non-specialist book which was published in 1964 by the Academic Press with the title Crystals: their role in nature and in science [8] . The book clearly demonstrates the aesthetic pleasure that its author derived from a contemplation of crystalline shapes and symmetries.
In 1963 at the age of 58 Bunn took early retirement from ICI under a new scheme that had been introduced by the company. Sir Lawrence Bragg invited him to come to the Davy Faraday Laboratory of the Royal Institution as Dewar Research Fellow, where he joined the protein-structure group which included D.C. Phillips and A.C.T. North. Bunn, with a small group of collaborators, chose to work on the enzyme rennin. When Bragg retired in 1970, Phillips, with the majority of the group, moved to Oxford and North went to Leeds; Bunn stayed on in London until his final retirement in 1972. Unfortunately, his researches were not crowned with success: the structure of rennin (or chymosin) has still not been determined completely (see below). Bunn accepted his failure to solve the structure philosophically and continued to live in quiet retirement in Welwyn Garden City. He retained a remarkably youthful appearance and his health remained good until just before his sudden death on 13 April 1990.
SCIENTIFIC WORK
Bunn was eminently a chemical crystallographer. In all his papers on molecular structure it is evident that he had a strong feeling for the way in which molecules fold and pack. He liked to visualize a structure and was adept at model building. He was the originator of a skeletal molecular modelling kit, later perfected by Kendrew. Ids papers, like his books, are illustrated with particularly clear and well-chosen drawings. Although he had a good knowledge of mathematical techniques he found that, for himself, mathematical representations by themselves were lacking. He was a master of physical techniques which are somewhat neglected today, using them to very good effect in many diverse investigations. In his text book Chemical crystallography [1] he wrote 'It must be emphasized that the combination of different lines of evidence is often of much greater value than any single method of approach. X-ray methods should never be used alone; the combination of evidence given by X-ray diffraction patterns with that given by optical properties, habit, cleavage, and so on may lead to valuable conclusions in circumstances where each of these lines of evidence taken by itself would leave unresolved ambiguities.' In this text book the sections on the use of the polarizing microscope are especially good and his popular book on crystals [8] contains many photographs that vividly evoke his appreciation of the beautiful and colourful phenomena seen in the polarizing microscope.
His scientific opus falls into six categories: 1. Methods of identification of crystalline materials. 2. Work on inorganic materials of industrial importance. 3. Research on crystal growth. 4. Structure determ ination of long-chain polymers and correlation of physical properties with molecular structure. 5. The structure of penicillin. 6. Work on the structure of rennin.
He published 50 original papers on these subjects; the most important ones were long and definitive single-author accounts of his researches. The publication dates are no sure guide as to when the work was done. His friend and one-time collaborator, H.S. Peiser, writes: 'He generally checked and cross-checked everything, usually for long periods and often risked loss of priority in search of proof of soundness.'
IDENTIFICATION OF CRYSTALLINE MATERIALS
In his early work at Northwich, Bunn was encouraged by Cocksedge to develop the crystallographic methods of identification, which had been originated by mineralogists, for analytical purposes in the industrial laboratory. He became skilled in recognizing crystals in mixtures of several phases under the microscope and compiled indexes of interfacial angles and birefringent properties. Later, when his laboratory was equipped with X-ray apparatus, he built up a large collection of the spacings of crystalline materials, classified according to the intensities of Debye-Scherrer powder lines. This collection later formed a part of the nucleus of the ASTM Index, the standard compilation of powder patterns organized by the American Society for Testing Materials.
The determination of the unit-cell parameters from the lattice spacings derived from powder patterns is straightforward only for cubic crystals. Bunn devised a graphical method for tetragonal and hexagonal lattices using logarithmic charts (Bunn 1945).
These 'Bunn charts' were distributed by the Institute of Physics and were widely used by the crystallographic community.
Inorganic materials o f industrial importance
Bunn worked on a variety of industrial materials, among them the intermediate products of the ammonia-soda (Solvay) process, on calcium aluminate hydrates, calcium silicate boiler scales, and iron oxide pigments.
One of the fruits of Bunn's combined use of optical and X-ray powder diffraction studies was the discovery of the identity of the essential crystalline constituent of bleaching powder which he found to be a basic hypochlorite of calcium of variable composition (4).
He successfully explained the setting of plaster of Paris as the formation of calcium sulphate dihydrate (gypsum) CaS0 4.2H 2 0 , the crystals of which grow into firm contact with each other (9).
Crystal growth
H.E. Cocksedge, the Research Manager of the Alkali Division, started Bunn on a study of the way in which crystals grow from solution; the ICI Winnington factories produced many substances in powder form in large quantities whose ease of handling depended greatly on the sizes and shapes of the crystallites. Very little was known at that time about the factors controlling the rate of growth of any crystal from supersaturated solution.
The 'laws of crystals growth' involve the interplay between the act of deposition of fresh solute on the crystal faces and the diffusion of solute from the stronger supersaturated solution towards that weakened by deposition at the growing crystal faces. Crystal habit was known to be influenced by the presence of certain impurities in some cases but nothing was known of the way in which impurities inhibit the growth of some faces, which therefore tend to become prominent.
Bunn's first publication on this subject (2) was a study of habit modification by impurities. He found that growth on a particular face can be slowed down by the adsorption of an impurity but that this can occur only if the structures of the face and the inhibitor are similar; adsorption effects and the formation of oriented overgrowth are thus closely related.
Bunn next studied the deposition of surface material from pure solutions (25) and found that this tended to proceed layer by layer on low-index faces; the layers tended to be about 100 atoms thick and to spread from the centres of faces outwards. However, he failed to discover screw dislocations although he must have looked at them for years. Indeed, the word 'dislocation' is not used in any of his earlier papers even though it was current in other publications of the same period. He confines himself to saying, 'Successive layers do not necessarily join up perfectly with each other; it is more likely that cracks will occur,' and 'when layers fail to join up properly there will be not only a crack between them but also small changes in orientation of the lattice.'
In another paper (26) published in 1949 he described studies done in 1932 on the effects of concentration gradients on crystal growth. Following up a suggestion by T.R. Scott, he devised an elegant method in which the crystals were grown between slightly inclined half-silvered glass plates; concentration differences were shown up by refractive index changes which distorted the interference fringes seen when the plates were viewed under the microscope in parallel monochromatic light. This method was later taken up by Berg (1938) . Bunn found that supersaturation was greatest at the edges and least at the centres of crystal faces and he established that there is effectively no correlation of growth rate with the degree of supersaturation. H e saw growth as being determined by concentration gradients and to a convergent diffusion momentum which is greatest at face centres. In unpublished notes written in the 1970s he writes that to assume that spiral growth originating at screw dislocations is the main or only mechanism in crystal growth 'is going much too far'. Some recent work on crystal growth tends to support this view.
Long-chain polymers
A major part of Bunn's life-work was the determination of the molecular structures of long-chain polymers. The most important of these are shown in table 1. Polyethylene (polythene, as it came to be called) was discovered at Winnington in 1933, almost by accident, when it was found that ethylene polymerized spontaneously at a pressure of 2000 atmospheres and a tem perature of 200 °C. X-ray photographs showed that the polymer was partly amorphous and partly crystalline, the crystalline part giving rise to a diffraction pattern similar to that of long-chain paraffins. The molecules contained some hundreds or thousands of monomeric units and passed through the crystalline and amorphous regions. The molecular structure of the crystals was obtained from X-ray powder photographs and confirmed from diffraction photographs of oriented rolled sheets.
An examination of a series of saturated organic molecules led Bunn to suggest (13) that in long-chain molecules a £staggered-bond configuration' is favoured, that is, that the non-chain bonds of the carbon atom tend to be at the maximum distance from one another. This principle allowed him to predict chain configurations in other saturated polymers. He postulated further that the presence of double bonds in the chain led to a free rotation about adjacent single bonds. He showed that, as in other polymers, in natural rubber individual molecules wound through crystalline and amorphous regions; on stretching the sizes of the former increased at the expense of the latter. He was thus able to explain rubber-like elasticity in polymers with highly flexible molecules (10) such as raw rubber and polychloroprene (the basis of 'neoprene' synthetic rubbers) and the differences in physical properties of these materials from rigid ^-gutta-percha (12).
Bunn's ideas on the structure of natural rubber challenged the traditional view (Kuhn 1936 , Mark 1939 ) which assumed free rotation about single bonds and that molecules behave as though in isolation. Accordingly, to his distress, they met at first with considerable opposition. It was not then generally appreciated that, when coupled with a wide knowledge of the conformation of related molecules, the X-ray diffraction data were sufficient for a full solution of the crystal structure. However, his structures have stood the test of time and have not been seriously challenged since.
In his studies on polymers Bunn became interested in the correlation of physical properties with molecular structure and, in particular, in the effects of bond polarizabilities on the refractive indices of fibres (24, 35) and on melting points and second-order transition phenomena (35, 36, 39) . This work led to a recognition of the influence on the melting points of polymers of the cohesion energy of the molecules, the degree of flexibility of the chain and its departures from cylindrical shape.
The structure o f penicillin
Bunn has described his work on penicillin as 'a memorable interlude in the work on the molecular structure of polymers'. In the early 1940s, Bragg (1944) had suggested an optical diffraction analogue method for testing trial structures. Bunn developed this into a practical technique which he called the 'fly's eye method'. A point light source was first shifted in turn to each atomic position of the trial structure and multiple images were produced on a photographic plate by means of the 'fly's eye', that is, a multiple pin-hole camera; the exposure for each atom was proportional to its X-ray scattering factor. The images formed a projected lattice on the plate which was then used to produce a diffraction pattern with monochromatic light: this pattern could be compared with the X-ray diffraction of the real crystal, provided that the ratio of the dimensions of the grating and of the crystal lattice was made the same as the ratio of the wavelengths of the monochromatic light and the X-rays. Bunn's own account of this procedure was published much later (30). It was this development that led to his being invited to participate in the structure determination of penicillin. Dorothy Crowfoot (Hodgkin) with Barbara Rogers-Low had been engaged for some time in the project of finding the molecular structure of penicillin. This was probably the most ambitious structure determination to have been attem pted at the time; the general opinion was that a solution was impossible. Intensity data were collected at Oxford on the isomorphous monoclinic forms of potassium and rubidium benzyl penicillin and also on the sodium salt which, unfortunately, was not isomorphous and crystallized in an orthorhombic form. In 1944 the intensity data of sodium benzyl penicillin w ere passed to Bunn in the hope that he (with A. Turner-Jones) would be able to solve the structure by trial methods.
Bunn was faced with a political problem: penicillin was not related to his work at ICI and the firm objected to his wasting time on it. So he tried a subterfuge; a well-known scientist was visiting the laboratory at the time and Bunn deliberately left some of his penicillin papers about. The visitor remarked how pleased he was that ICI was involved in this work, and so he was encouraged to proceed. According to the joint detailed publication on the 'X-ray crystallographic investigation of the structure of penicillin' (27) 'The crystal structure [of sodium benzyl penicillin, Ci6Hi704N2S.Na, with two molecules in the unit cell] is far more complex than any other previously solved by trial and the experimental difficulties were naturally increased enormously by the uncertainty of the chemical structure. The analysis could hardly have been carried out successfully without the use of the optical diffraction method of testing trial structures ... To test a postulated structure of the complexity of sodium benzyl penicillin by calculation takes days, but by the optical diffraction method about an hour.' In addition to the pharmaceutical importance of the antibiotic its structure determination is of interest for several reasons: the amount of material available at the time was only a few tens of milligrams; it was one of the few major structure determinations in which optical analogue techniques played a major part, because digital computer methods were only beginning to be introduced in 1945; Hollerith punched card methods were used for the first time in computing three-dimensional electron density maps of the penicillin salts; error Fourier methods were developed by Bunn and used for the first time in the refinement of the structure.
The Oxford team succeeded in obtaining direct but incomplete and partially ambiguous electron density maps from the data of the isomorphous potassium and rubidium salts. Bunn, and A. Turner-Jones, were successful with trial-and-error methods used on the sodium salt. They made particularly good use of the information provided by weak and absent reflections, realizing that in pushing atoms around for a better fit with the observed intensities, the rate o f change of the structure factor contribution of an individual atom is greatest where the structure factor is small. This was a novel idea: the current practice was to consider mainly strong reflections which, in fact, are not sensitive to small shifts in atomic coordinates. The two structure determinations were independent but each relied heavily on insight gained from the other.
The detailed description of the investigation reads like a detective story and conveys very vividly the excitement as the correct structure gradually emerged as preconceived notions were abandoned and a series of false trails which had been followed were given up. There was constant interchange of information by letter between Oxford and Northwich; the final crucial step lay in the recognition that the molecule had a thiazolidine /Mactam rather than an oxazolone structure. This recognition came simultaneously (in the first week of February 1945) in Oxford on the orthorhombic K-Rb salt and in the ICI laboratory on the sodium salt.
The successful solution of this very complex structure was a turning point in crystal-structure work.
Rennin
Bunn's admiration for the work of Max Perutz and his own studies of synthetic polymers had long ago led him to a desire to study a natural biological polymer in the form of a crystalline enzyme. On moving to the Royal Institution as Dewar Research Fellow in 1963 he decided to work on rennin (also called chymosin) a digestive enzyme protein obtained from calf rennet; he built up a small team of collaborators there (P. Moews, M. Baumber and N. Camerman).
He was quickly able to grow crystals of good X-ray quality (46) and greatly enjoyed working in the field of protein crystallography. Unfortunately, all attempts at finding suitable single-site heavy atom derivatives of the native protein failed and after a few years the team decided to study rennin-like enzymes obtained from soil organisms. Some preliminary work was done, (47, 49) but in 1972, when Bunn was 67, his grant from the Medical Research Council ran out and was not renewed and his work and that of his group had to come to an end without having achieved an ultimate success.
The work on rennin-type enzymes was taken up by T.L. Blundell and his collaborators at Birkbeck College, London. They started by determining the structure of one of the soil organism enzymes, endothiapepsin (Pearl et 1990) ; on the basis of this structure, and of those of other aspartic proteinases, and by model building they were able later to deduce a structure for chymosin itself. In his retirement Bunn had the pleasure of seeing the result of this indirect determination of the structure by methods that were in the tradition of this own work. The determination of the X-ray structure of rennin ab initio continued to be worked on at Birkbeck College and success has only just been achieved, 18 years after Bunn commenced his studies of rennin (Newman et al. 1991) .
A c k n o w l e d g e m e n t s This account draws heavily on a very full account that Charles Bunn wrote of his own life for the benefit of his family. He also left an annotated list of his own publications. I am very grateful to his son, Mr Richard Bunn, for giving me copies of this material and for the brief scientific biography that he wrote. He and his mother, Mrs Elizabeth Bunn, provided me with further information about Charles Bunn's life and interests. My particular thanks are due to Mr Steffen Peiser, Bunn's friend and one-time collaborator, for his detailed assessment of Bunn's researches and life, especially during his earlier years at Northwich, and for putting me in touch with Bunn's colleagues Mr Arthur Hedly and Miss Annette Turner-Jones; the latter made some particularly valuable comments. Mr Peiser and the late, Professor Henry Lipson, F.R.S., have kindly read through the above account and corrected some of the more glaring omissions and errors I had made in the assessment of Bunn's scientific opus. The remaining defects are entirely due to me.
The portrait photograph was taken at the Godfrey Argent Studio in 1967.
